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is	 acquired	 after	 the	 administration	 of	 a	 radiotracer.	 PET	 imaging	 technique	 is	
based	 on	 the	 coincident	 detection	 of	 gamma	 photons	 of	 511	 keV.	 If	 any	 of	 the	
antiparallel	gamma	photons	does	not	reach	the	PET	detectors	due	to	attenuation	
(scatter	 or	 absorption),	 a	 coincidence	 is	 not	 recorded,	 which	 means	 missing	
information.	Attenuation	is	the	largest	correction	that	is	applied	to	PET	images	in	
order	 to	 obtain	 an	 accurate	 quantification	 of	 radiotracer	 activity	 concentration.	
One	approach	to	perform	that	correction	is	based	on	creating	an	attenuation	map	
using	 a	 computed	 tomography	 (CT)	 image	 in	 which	 its	 Hounsfield	 units	 are	
transformed	 into	 attenuation	 coefficients	 at	 511	 keV	 by	 applying	 a	 bilinear	
approximation.	 Then,	 the	 attenuation	 map	 is	 used	 to	 correct	 PET	 data	 in	 the	
reconstruction	process.	
	
There	 are	 no	 studies	 that	 compare	 non‐attenuation	 corrected	 PET	 images	 and	
attenuation	corrected	PET	 images	acquired	with	 the	Argus	PET/CT	scanner	with	
different	 energy	windows	 and	 reconstruction	methods	 from	 a	 practical	 point	 of	
view	 (quantification	 results).	 The	 aim	 of	 this	 study	 was	 to	 perform	 that	
comparison	by	means	of	three	different	experiments.	
	
Our	 results	 showed	 that	attenuation	correction	has	an	 impact	on	 the	 image	data	
and	results	are	different	depending	on	 the	Argus	PET/CT	reconstruction	method	
and	energy	window	used.	For	filtered	back	projection	(FBP)	and	ordered	–subset	
expectation	 maximization	 (OSEM)	 2D	 reconstruction	 methods,	 image	 activity	
(counts	 per	 second)	 increases	 when	 applying	 the	 attenuation	 correction	
independently	 of	 the	 attenuation	medium	and	 the	 energy	window.	However,	 for	
OSEM	 3D,	 the	 activity	 decreases.	 The	 absolute	 relative	 error	 between	 the	
estimated	and	real	activity	concentration	either	for	non‐attenuation	corrected	PET	
images	 or	 attenuation	 corrected	 PET	 images	 was	 smaller	 than	 5%.	 Finally,	
recovery	 coefficients	 for	 non‐attenuation	 corrected	 PET	 images	 are	 similar	 than	
the	 ones	 for	 attenuation	 corrected	 PET	 images.	 The	 segmentation	 rule	 does	 not	
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Medical	 imaging	 refers	 to	 non‐invasive	 techniques	 that	 produce	 images	 of	 body	
tissues	to	assist	diagnosis	or	treatment	of	different	medical	conditions.		
	
Medical	 imaging	 techniques	 can	 be	 divided	 into	 two	 groups	 depending	 on	 the	
information	that	provides:	
	
‐ Structural:	 Techniques	 that	 provide	 images	 with	 anatomical	 information.	
Some	 examples	 of	 structural	 imaging	 modalities	 are	 X‐ray,	 computed	
tomography	 (CT)	 (Figure	 1)	 and	 structural	 magnetic	 resonance	 imaging	
(MRI).	 X‐ray	 and	 CT	 use	 electromagnetic	 ionizing	 radiation,	which	means	
that	work	with	photons	 that	have	enough	energy	 to	produce	 ion	pairs	by	









Some	 functional	 imaging	 modalities	 are	 functional	 MRI	 (fMRI),	 contrast‐
enhanced	CT		or	 nuclear	 medicine	 imaging	 techniques	 such	 as	 position	










not	 only	 because	 more	 information	 is	 provided,	 but	 also	 because,	 as	 both	












‐ Planar:	 Images	 that	 provide	 two‐dimensional	 (2D)	 information	 such	 as	
ultrasound	 (US)	 images,	 X‐ray	 and	 2D	 images	 acquired	 using	 optic	
techniques.	
‐ Tomographic:	 Images	 that	provide	 three‐dimensional	 (3D)	 information	 so	
that	 an	 entire	 volume	 is	 acquired.	 Some	 examples	 are	 CT,	 MRI	 and	 PET	
images.	
‐ Dynamic:	Images	that	provide	four‐dimensional	(4D)	information	so	that	an	
entire	 volume	 is	 acquired	 at	 different	 times.	 Some	 examples	 are	 dynamic	
PET	and	SPECT	images.	
	
Images	 are	 shown	using	 a	 standardized	way	 called	 anatomical	 body	 planes.	 The	













All	 PET/CT	 image	 acquisitions,	 reconstructions	 and	 processing	 (registration	 and	
quantification)	 in	 this	 bachelor	 thesis	 were	 performed	 using	 the	 multimodality	
workstation	(MMWKS,	Figure	5).	This	software	was	 implemented	by	Laboratorio	
de	 Imagen	Médica	 (Hospital	General	Universitario	Gregorio	Marañón,	Madrid)	 in	
interactive	 data	 language	 (IDL)	 programming	 language	 [1].	 MMWKS	 is	 a	 user‐

















to	 the	X‐rays	beam	 (Figure	7).	 The	X‐rays	beam	passes	 through	 the	 subject	 and,	
depending	 on	 the	 tissue	 density,	 X‐rays	 photons	 will	 be	 absorbed	 by	 the	 tissue	
(attenuated)	 and	 will	 not	 reach	 the	 detector.	 The	 two	 principles	 processes	 of	
photon	absorption	are	the	photoelectric	effect	and	the	Compton	effect.	In	the	first	





2D	 images	or	projections	are	acquired	while	 rotating	both	 the	x‐rays	source	and	
the	detector.	Then,	a	3D	volume	 is	 reconstructed	 from	 these	projections.	Finally,	
attenuation	coefficients	are	 transformed	 to	Hounsfield	units	 (HU)	 scale	where	x‐























the	 control	 and	 the	 specialization	 of	 the	 radiotracer	 or	 radiopharmaceutical	
(radioactive	 isotope	 +	 biological	 substance)	 for	 each	 disease	 diagnosis.	 Figure	 8	
shows	 an	 example	 of	 one	 of	 the	most	 used	 radiotracer	 in	 diagnosis,	 2‐deoxy‐2‐
(18F)	 fluoro‐D‐glucose	 (FDG).	 This	 radiopharmaceutical	 is	 formed	 by	 a	 glucose	
support	molecule	(biological	substance)	and	Fluorine‐18	(F‐18)	radioisotope.	It	is	
widely	 used	 in	 PET	 studies	 because	 FDG	 allows	 the	 visualization	 of	 glucose	






The	 activity	 of	 the	 radiotracers	decays	 exponentially	 according	 to	 the	half‐life	 of	
the	radioisotope,	i.e.	the	time	that	takes	to	the	radioisotope	to	lose	the	50%	of	its	
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activity.	 The	 radioisotope	 activity	 (ܣ)	 can	 be	 calculated	 by	 using	 the	 following	








PET	 image	 is	 acquired	 after	 the	 administration	 of	 a	 radiotracer	 that	 decays	
emitting	positrons.	This	radiopharmaceutical	 is	concentrated	specifically	 in	some	
organs	or	tumours	depending	on	its	biological	substance.	Those	emitting	positrons	
interact	 with	 the	 electrons	 of	 the	 matter	 and,	 by	 a	 process	 called	 annihilation,	
produce	two	antiparallel	gamma	photons	of	511	keV	per	annihilation.	PET	imaging	
technique	 is	 based	 on	 the	 coincident	 detection	 of	 those	 two	 511	 keV	 gamma	
photons.		
	
If	 two	 gamma	 photons	 are	 simultaneously	 detected	 by	 two	 small	 detectors,	 a	
coincidence	event	 is	 recorded.	 It	 can	be	 inferred	 that	 the	annihilation	must	have	
occurred	along	 the	 line	connecting	 those	detectors	or	 line	of	 response	 (LOR).	To	
increase	the	sensitivity	of	the	scanner,	the	patient	is	surrounded	by	a	ring	of	small	
detectors	 rather	 than	 only	 two.	 The	 LOR	 is	 characterized	 by	 the	 angle	 of	
orientation	 of	 the	 LOR	 (θ)	 and	 the	 shortest	 distance	 between	 the	 LOR	 and	 the	
centre	of	 the	gantry	(r).	Coincidence	events	can	be	recorded	as	a	sinogram.	Each	

















‐ Analytical	 methods:	 Methods	 that	 offer	 a	 direct	 mathematical	 solution	
(exact	solution	to	a	system	of	equations)	for	the	reconstruction	of	an	image.	
	
‐ Iterative	methods:	 These	methods	 basically	 involve	 estimating	 image	bio‐
distribution	and	comparing	the	sinogram	obtained	from	this	estimate	to	the	
measured	 sinogram.	 The	 iterations	 continue	 until	 there	 is	 a	 convergence	






Since	FBP	 (analytic)	 and	OSEM	 (iterative)	 algorithms	were	used	 in	 this	bachelor	





study.	 In	 addition,	 detector	 resolution	 is	 poorer	 due	 to	 the	 detector	 physics.	
Therefore,	PET	image	quality	is	affected	by	partial	volume	effect	(loss	in	apparent	






The	 most	 known	 analytical	 algorithm	 is	 filtered	 back	 projection	 (FBP).	 This	
method	 is	 based	 on	 the	 projection	 slice	 theorem	 or	 central	 section	 theorem	 [5]	
that	states	that:	
	
The	Fourier	 transform	of	 the	projection	at	 angle	θ	is	 equal	 to	 the	 two‐dimensional	
Fourier	 transform	 of	 the	 object,	 evaluated	 in	 the	 direction	θ	in	 Fourier	 transform	
space.	
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2D‐FBP	 involves	 two	principal	 steps:	 filtering	 the	 projection	 data	 and	 then	 back	
projecting	 the	 filtered	 data	 along	 the	 angle	 used	 for	 the	 application	 of	 the	
Projection	 Slice	 Theorem	 to	 create	 the	 reconstructed	 image.	 Filtering	 the	
projection	 data	 is	 used	 in	 order	 to	 eliminate	 blurring	 appeared	 during	 the	 back	
projection	due	 to	 the	oversampling	 in	 the	 centre	of	 the	Fourier	 space.	Analytical	







ii) Dmax:	 The	 maximum	 number	 of	 rings	 (between	 13	 and	 30)	 allowed	





o Ramp	 filter	 (default):	 This	 filter	 gives	 priority	 to	 high	 frequencies	
components	 to	 provide	 the	 best	 spatial	 resolution	 on	 high	 count	
images	(alpha	=	1.0	and	cut‐off	=	1.0). 




o General	 (Butterworth)	 filter:	 The	 user	 can	 define	 if	 the	 high	









Ordered–subset	 expectation	 maximization	 (OSEM)	 iterative	 method	 is	 based	 on	
the	expectation	maximization	(EM)	algorithm.	EM	iterates	by	alternating	between	
an	 expectation	 (E)	 step	 and	 a	maximization	 (M)	 steps.	 The	 E‐step	 computes	 the	















ii) Dmax:	 The	 maximum	 number	 of	 rings	 (between	 13	 and	 30)	 allowed	
being	 in	 coincidence	with	 one	 another.	 Higher	 number	 result	 in	 axial	
blurring	of	objects.	Default	value	is	16.	
	

















coincidences	 that	 take	 place	 in	 PET	 acquisition	 such	 as	 random	 and	 scattered	
coincidences.	Moreover,	gamma	photons	can	be	absorbed	by	the	body	or	scattered	
and	 do	 not	 reach	 the	 detector	 (attenuation).	 In	 order	 to	 obtain	 an	 accurate	
quantification	of	 radiotracer	activity	 concentration,	 these	 factors	 (in	 rough	order	




A	 random	 coincidence	 occurs	 when	 two	 photons	 coming	 from	 different	
annihilation	 process	 reach	 the	 detectors	 within	 the	 same	 time‐window	 and	 is	
registered	 as	 a	 coincidence	 (Figure	 11).	 Random	 coincidences	 reduce	 image	
contrast	since	the	system	cannot	identify	them	and	therefore	they	are	included	in	
the	 image	 reconstruction	 process.	 The	 correction	 is	 based	 on	 the	 estimation	 of	








adds	 noise.	 As	 in	 the	 case	 of	 random	 coincidences,	 the	 correction	 of	 the	 scatter	








Gamma	 photons	 can	 be	 absorbed	 by	 the	 body.	 If	 any	 of	 the	 antiparallel	 gamma	
photons	does	not	reach	the	detectors	due	to	attenuation	(absorption	or	scatter),	a	
coincidence	 is	 not	 recorded,	 which	means	missing	 information	 (Figure	 12).	 The	



















There	 are	 several	 methods	 to	 correct	 attenuation	 in	 PET,	 but	 all	 of	 them	 uses	
transmission	 images	 either	 with	 PET	 or	 CT	 scanner	 to	 obtain	 tissue	 properties									
[7‐10]:	
	
‐ PET	 transmission	 images:	 Source	 is	 gamma‐emitter	 radioisotopes.	 The	
most	common	approach	 is	 to	use	a	 long‐lived	rod	positron	emitter	source	
(e.g.	 Germanium‐68,	 Ge‐68)	 that	 rotates	 around	 the	 scanner.	 The	
transmission	 scan	 is	 acquired	with	 the	 patient	 positioned	 in	 the	 scanner.	
One	 approach	 is	 to	 acquire	 the	 transmission	 scan	 post	 injection	
immediately	 after	 the	emission	 scan	without	moving	 the	patient	 from	 the	
bed.	Although	the	residual	activity	is	present	from	the	radiotracer	injection,	
its	value	along	an	LOR	is	small.	However,	the	detectors	must	be	sufficiently	
efficient	 to	 detect	 both	 transmission	 and	 emission	 activities.	 Moreover,	
conventional	PET	transmission	scan	takes	about	20	minutes	(more	 than	a	







CT	 intensity	 values	 represent	 the	 x‐ray	 attenuation	 coefficients	 of	 body	
tissues	in	Hounsfield	units	(HU)	scale.	The	x‐ray	source	in	CT	emits	photons	
with	a	broad	energy	spectrum	from	40	keV	to	140	keV.	The	key	point	of	this	
attenuation	 correction	method	 is	 the	 transformation	 of	 x‐ray	 attenuation	
coefficients	 into	 PET	 attenuation	 coefficients	 (photons	 of	 511	 keV)	 as	
attenuation	 is	 affected	 by	 photon	 energy.	 There	 are	 several	 methods	 to	
perform	 this	 transformation,	 from	a	simple	 linear	 transformation	 to	more	
complex	transformations.	
	
In	 MMWKS,	 PET	 images	 can	 be	 reconstruction	 with	 CT‐based	 attenuation	
correction	 ([10]).	 The	 procedure	 followed	 by	 MMWKS	 is	 the	 creation	 of	 an	
attenuation	map	using	the	CT	image	in	which	HU	are	transformed	into	attenuation	
coefficients	 at	 511	 keV	 by	 applying	 a	 bilinear	 approximation	 (Figure	 14).	 That	
attenuation	 map	 has	 the	 dimensions	 and	 voxel	 size	 of	 the	 corresponding	 PET	
image	and	both	images	are	registered,	which	means	spatial	concordance	between	
corresponding	 attenuation	 map	 and	 PET	 image.	 Then,	 the	 attenuation	 map	 is	











PET	 scanner	 records	 detected	 coincidences.	 The	 activity	 in	 PET	 images	 is	
expressed	 in	 counts	 per	 second	 (cps).	 It	 is	 preferred	 to	 have	 these	 data,	 for	
instance,	in	Becquerels	(Bq).	A	Bq	is	the	activity	of	a	radioactive	material	in	which	
one‐nucleus	decays	per	second	(the	radioactivity	unit	of	the	international	system	
of	 units	 –SI‐).	 This	 transformation	 is	 performed	 by	 applying	 a	 calibration	 factor	




The	 procedure	 followed	 in	 Laboratorio	 de	 Imagen	 Médica	 to	 calculate	 the	
calibration	 factor	 is	 shown	 in	 Figure	 16.	 A	 homogeneous	 dilution	 of	 a	 specific	
radiopharmaceutical	(≈400	µCi)	and	water	is	used	to	fill	an	Eppendorf	(1	ml	=	1	cc)	
with	a	pipette	and	a	syringe	(40	ml,	diameter	30	mm).	The	Curie	(Ci)	is	a	non	SI‐	
unit	 of	 radioactivity	 and	 is	 defined	 as	3.7	 x	1010	 decays	per	 second	 (roughly	 the	
activity	of	1	gram	of	Radium‐226).	The	activity	of	the	Eppendorf	is	measured	using	
a	well	counter	or	dosimeter.	The	activity	measurement	is	performed	three	times	in	
order	 to	 average	 the	 values	 obtained	 and	 get	 an	 accurate	 value.	 The	 syringe	 is	
acquired	 with	 the	 PET	 scanner.	 If	 PET	 images	 are	 attenuation	 corrected,	 a	 CT	
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image	of	the	syringe	must	also	be	acquired.	Once	the	PET	image	is	reconstructed,	a	
cylindrical	 volume	 of	 interest	 (VOI)	 of	 radius	 8	mm	 and	 height	 8.5	mm	 (1.7	 cc)	
centred	 on	 the	 syringe	 is	 segmented	 on	 the	 PET	 image.	 Finally,	 the	 calibration	








Attenuation	 is	 the	 largest	correction	applied	to	PET	 images	 in	order	to	obtain	an	
accurate	quantification	of	 radiotracer	activity	 concentration.	PET	 images	provide	
crucial	 functional	 information	 and	 attenuation	 correction	 is	 important	 from	 the	
diagnostic	point	of	view.		
	
There	 are	 studies	 that	 have	 evaluated	 the	 attenuation	 correction	 on	PET	 images	
acquired	 with	 preclinical	 PET/CT	 scanners.	 In	 [11],	 the	 authors	 evaluated	 the	
difference	 between	 non‐attenuation	 corrected	 PET	 images	 and	 attenuation	
corrected	 PET	 images	 acquired	 with	 a	 microPET	 R4	 system	 (Concorde	
Microsystems/Siemens)	 scanner	 using	 an	 energy	 window	 of	 350–650	 keV	 and	
FBP,	OSEM	2D	and	OSEM	3D	reconstruction	methods.	This	evaluation	was	based	





registration	 step	 was	 necessary	 in	 order	 to	 align	 PET/CT	 images.	 HU	 were	
converted	 to	 linear	 attenuation	 coefficients	 at	 511	 keV.	 In	 [12],	 the	 authors	
assessed	 the	difference	between	a	quadratic	 and	a	bilinear	approximation	 in	 the	
CT‐based	attenuation	correction	using	a	FLEX	Triumph	PET/CT	scanner	(Gamma	
Medica‐Ideas).	 For	 soft	 tissues,	 both	methods	 give	 similar	 results	 but,	 for	 bones,	
the	 quadratic	 approach	 produced	 slightly	 enhanced	 increment	 of	 PET	 activity	
concentration	 than	 the	 bilinear	 approximation.	 The	 energy	 window	 was												
250–700	keV	and	 the	 reconstruction	method	was	OSEM	2D.	 In	 [10],	 the	 authors	
evaluated	 the	 implementation	 of	 the	 CT‐based	 attenuation	 correction	 (bilinear	
approximation)	 in	 the	 Argus	 PET/CT	 scanner	 (Sedecal).	 The	 evaluation	 was	
performed	 by	 using	 χ2	 parameter	 that	 measures	 the	 difference	 between	 the	
acquired	data	(all	LORs)	and	the	estimated	data	obtained	from	the	reconstructed	
image	(OSEM	3D)	and	comparing	the	profiles	of	non‐attenuation	corrected	images	
and	corrected	 images.	The	 results	 showed	better	 results	when	using	attenuation	
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2D)	 for	 Galium‐68	 (Ga‐68)	 PET	 images	 with	 a	 400‐700	 keV	 energy	 window.	
However,	there	are	no	studies	that	compare	non‐attenuation	corrected	PET	images	
and	 attenuation	 corrected	 PET	 images	 acquired	with	 this	 scanner	with	 different	
energy	 windows	 and	 reconstruction	 methods.	 The	 aim	 of	 this	 study	 was	






























3.1	 STUDY	 I:	 Accuracy	 of	 the	 attenuation	 correction	
on	PET	studies	
The	 aim	 of	 this	 study	 was	 to	 quantify	 the	 effect	 of	 applying	 the	 CT‐based	
attenuation	 correction	 on	 PET	 studies	 and	 the	 accuracy	 of	 the	 attenuation	
correction.	The	phantom	used	in	this	experiment	simulated	a	small	animal,	namely	
a	mouse,	with	a	region	of	high	activity	(e.g.	a	tumour).	At	first,	 the	volume	inside	
the	 phantom	 was	 filled	 with	 air	 to	 simulate	 a	 non‐attenuating	 medium	 but	
afterwards,	it	was	filled	with	water	to	simulate	soft	tissue.	Apart	from	studying	the	




The	 phantom	used	 in	 this	 study	was	 composed	 by	 a	 radioactive	 point	 source	 of	
Sodium‐22	 (Na‐22)	 placed	 inside	 a	 universal	 sample	 tube	 (70	 mm	 height	 and								
30	 mm	 diameter)	 (Figure	 17).	 Table	 1	 shows	 some	 details	 of	 the	 radioactive	
source.	 In	 accordance	 with	 the	 half‐life	 of	 Na‐22,	 the	 activity	 of	 the	 radioactive	
source	 remained	 almost	 unchanged	 during	 the	whole	 experiment.	 The	 universal	
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The	 CT	 image	 of	 the	 phantom	 with	 the	 air	 medium	 was	 used	 to	 obtain	 the	




CT	 images	were	acquired	using	 the	default	parameters	 set	by	 the	Argus	PET/CT	
system	with	 the	 exception	 of	 the	 voltage	 and	 the	 current.	 Table	 2	 shows	 the	CT	
protocol,	 and	 Figure	 18	 and	 Figure	 19	 the	 scout	 images	 of	 the	 air	 and	 water	






















radioisotope	 but	 a	 different	 energy	 window.	 Table	 3,	 Figure	 20	 and	 Figure	 21	


























Ring	Reduction	 correction	 was	 applied	 to	 CT	 images	 in	 order	 to	 attenuate	 ring	
artifacts	 (Figure	 23).	 These	 concentric	 rings	 are	 caused	 by	 defective	 detector	
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Two	 iterations	were	selected	because	 it	 is	 the	most	used	number	of	 iterations	 in	
rats	 and	 mice	 studies.	 The	 corrections	 applied	 to	 PET	 images	 were	 Random	
correction,	 Scatter	correction	 and	 Attenuation	 correction.	 In	 this	 document,	 the	
term	 “non‐attenuation	 corrected	 (NAC)”	 images	 refers	 to	 PET	 images	 corrected	















mask	drawn	on	 the	 radioactive	point	 source	of	 the	 corresponding	CT	 image	and	




drawn	on	 every	 CT	 image	 by	 using	MMWKS	 (Figure	 27).	 Before	 segmenting	 the	
images,	 it	 is	 necessary	 that	 both	 PET	 and	 CT	 images	 were	 registered.	 Although	
PET/CT	 studies	 acquired	 with	 the	 Argus	 PET/CT	 scanner	 are	 intrinsically	
registered,	 the	 slight	 misalignments	 were	 corrected	 by	 using	 the	 manual	
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calculate	 the	 recovery	 coefficients;	 a	 second	 part	 (30	mm	 diameter	 and	 15	mm	













FDG	 and	 water.	 NEMA	 protocol	 suggests	 that	 the	 activity	 used	 in	 the	 whole	
phantom	shall	be	100	µCi	within	±	5%	as	calibrated	at	 the	start	of	 imaging.	This	
activity	shall	be	within	 the	range	of	 the	 total	activity	used	 in	mouse	studies.	The	



































PET	 images	 by	 using	 MMWKS.	 Following	 NEMA	 protocol,	 a	 cylindrical	 mask	 of		
22.5	mm	diameter	and	10	mm	height	was	drawn	 in	order	 to	obtain	a	uniformity	
measurement	(Figure	34).	The	mask	was	not	delineated	on	the	CT	image	because	











The	 evaluation	 of	 the	 effect	 of	 the	 attenuation	 correction	 on	 the	 concentration	
accuracy	 was	 made	 by	 comparing	 the	 activity	 concentration	 given	 by	 the	 PET	
image	 with	 the	 real	 activity	 concentration	 value.	 The	 percentage	 of	 the	 relative	
error	between	both	concentrations	was	calculated	using	the	following	equation:	
	





get	 reliable	 data	 the	 measurement	 was	 done	 at	 least	 three	 times	 and	 the	 real	
activity	 at	 the	 beginning	 of	 the	 experiment	 was	 the	 average	 of	 those	
measurements.	The	activity	was	127.4	uCi.	
	
To	 know	 the	 activity	 at	 the	 beginning	 of	 each	 PET	 acquisition	 (one	 per	 energy	
window,	Table	 5),	 the	 radioisotope	decay	has	 to	 be	 taken	 into	 account.	 The	 real	
















the	 statistical	 report	 of	 MMWKS.	 This	 measurement	 was	 multiplied	 by	 the	
corresponding	 calibration	 factor	 in	 order	 to	 change	 cps/cc	 into	 Bq/cc.	 Several	








The	 third	 experiment	 was	 focused	 on	 evaluating	 the	 effect	 of	 the	 attenuation	




This	 study	 was	 carried	 out	 by	 using	 the	 same	 images	 acquired	 in	 the	 Study	 II.	




Two	 different	 segmentation	 protocols	 were	 compared:	 one	 following	 NEMA	
protocol	and	other	one	applying	the	usual	idea	in	quantification	of	segmenting	just	








It	 has	 to	 be	 a	 cylindrical	 mask	 of	 22.5	 mm	 diameter	 and	 10	 mm	 height	
(Figure	35).		
 Rod	 mask:	 Draw	 a	 circular	 mask	 with	 a	 diameter	 twice	 the	 physical	














 Uniformity	 mask:	 The	 same	 mask	 that	 was	 obtained	 following	 NEMA	
segmentation	rule	(Figure	35).	
	








The	 effect	 of	 the	 attenuation	 correction	 on	 the	 RC	 was	 evaluated	 taking	 into	
account	 different	 PET	 energy	windows	 and	 different	 reconstruction	methods	 on	
PET	images	without	attenuation	correction	and	after	applying	this	correction.	The	
RC	 and	 the	 standard	 deviation	 of	 the	 RC	 (STDRC)	 were	 calculated	 following	 the	
NEMA	protocol	and	using	the	masks	previously	mentioned.	This	procedure	defines	
the	RC	value	as	 the	 ratio	between	 the	mean	value	of	a	 line	profile	and	 the	mean	
value	of	the	uniform	region	[14,	15]:	
	
ܴܥ	ሺ%ሻ ൌ 	 ݉݁ܽ݊	ݒ݈ܽݑ݁	݋݂	ݐ݄݁	݈݅݊݁	݌ݎ݋݂݈݅݁݉݁ܽ݊	ݒ݈ܽݑ݁	݋݂	ݐ݄݁	ݑ݂݊݅݋݉	ݎ݁݃݅݋݊ 	ݔ	100	
	
The	 mean	 value	 of	 the	 uniform	 region	 is	 extracted	 directly	 from	 the	 MMWKS	
report	by	using	 the	uniformity	mask.	The	mean	value	of	 the	 line	profile	 for	each	
rod	was	computed	as	follows.	First,	find	the	maximum	value	of	a	particular	rod	in	
its	mask	either	following	NEMA	segmentation	rule	or	not.	Then,	localize	the	pixel	
coordinates	 of	 the	 maximum	 value.	 Finally,	 obtain	 the	 mean	 value	 of	 the	 line	




RC	 measures	 the	 difference	 between	 the	 measured	 activity	 concentration	 of	 a	
small	object	(measurement	with	partial	volume	effect)	and	the	measured	activity	
concentration	of	a	large	object	that	was	filled	with	the	same	activity	concentration	
[14,	 16‐18].	 If	 both	 activity	 concentrations	 are	 equal,	 RC	 (%)	 is	 100.	 When	
analysing	PET	studies	is	very	common	to	use	the	mean	value	of	a	VOI	instead	of	the	
mean	 of	 several	 maximum	 values	 as	 was	 done	 with	 RC.	 In	 this	 study,	 another	
recovery	coefficient	(RC2)	was	calculated	using	the	mean	value	of	the	VOI	instead	
of	 the	mean	value	of	 the	 line	profile	 in	order	 to	 test	how	different	 is	 the	activity	
concentration	in	each	rod	when	compared	to	the	uniformity	activity	concentration.	
	












where	 STD	 line	profile	 is	 the	 standard	 deviation	 of	 the	 values	 of	 the	 line	 profile	
previously	mentioned,	Mean	 line	profile	 is	 the	mean	of	 the	values	of	 the	 line	profile,	





This	 section	 describes	 the	 results	 of	 three	 experiments	 performed	 in	 order	 to	
evaluate	 the	 CT‐based	 attenuation	 correction	 on	 PET	 images	 acquired	 with	 the	
small	animal	Argus	PET/CT	scanner.		
	






method	 and	 for	 each	 energy	 window	 respectively.	 Table	 6	 describes	 the	
percentage	of	change	when	applying	the	attenuation	correction	on	images	of	this	
phantom.	Figure	40,	Figure	41,	Figure	42	and	Table	7	 show	 those	 same	 types	of	



























%	of	change	 100‐700	keV	 250‐700	keV	 400‐700	keV	
FBP	 18.61	 16.80	 16.80	
OSEM	2D	 17.03	 17.01	 17.11	









































































%	of	change	 100‐700	keV	 250‐700	keV	 400‐700	keV	
FBP	 33.01	 33.01	 33.00	
OSEM	2D	 33.02	 33.02	 33.00	
OSEM	3D	 15.85	 17.90	 19.87	
Table	7.	Percentage	of	change	with	water	phantom	
	
Relative	error	(%)	 100‐700	keV	 250‐700	keV	 400‐700	keV	
FBP	 6.45	 6.47	 8.98	
OSEM	2D	 7.85	 7.99	 10.77	




image	activity	 (cps)	 in	 the	radioactive	point	source	VOI	 increases	when	applying	
the	 attenuation	 correction	 independently	 of	 the	 attenuation	medium,	 the	 energy	
window	and	the	reconstruction	method	except	 for	OSEM	3D	(activity	decreases).	
This	 inconsistency	 is	 due	 to	 a	 different	 normalization	 criterion	 in	 the	























lower	 than	 in	 the	 air	 medium	 for	 non‐corrected	 images	 with	 different	 energy	






Another	 result	 that	 can	 be	 observed	 is	 that	 the	 image	 activity	 (cps)	 in	 the	
radioactive	 point	 source	 VOI	 decreases	 with	 a	 narrower	 energy	 window	
independently	of	 the	attenuation	medium	and	the	reconstruction	method,	except	
for	 OSEM	 3D,	 and	 of	 whether	 applying	 attenuation	 correction.	 A	 possible	





and	 OSEM	 2D	 independently	 of	 the	 energy	 window,	 being	 higher	 for	 water	
medium	(around	33%)	than	for	air	medium	(around	17%).	The	reason	of	having	
changes	 around	 17%	 in	 the	 phantom	with	 air	medium	 (air	 does	 not	 attenuate)	
may	be	due	to	the	photon	attenuation	of	the	radioisotope	encapsulation	(first	layer	
close	 to	 the	radioisotope	≈	6000	HU	and	second	 layer	≈	200	HU)	and	 less	 to	 the	
radioisotope	walls	of	 the	universal	 sample	 tube	 (≈	0	HU).	Water	medium	results	
for	 FBP	 and	 OSEM	 2D	 reconstruction	methods	 are	 in	 accordance	 with	 [9].	 This	
study	showed	a	31%	of	difference	for	a	mouse	phantom	(using	a	syringe	of	30	mm	
diameter)	with	an	eXplore	Vista	scanner	(General	Electric)	and	linear	attenuation	
coefficients	 at	 511	 keV	 for	 their	 implementation	 of	 CT‐based	 attenuation	
correction.	Moreover,	in	[11]	the	authors	obtained	a	percentage	of	change	for	PET	
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transmission	 based	 attenuation	 correction	 around	 3%	 while	 for	 CT‐based	
attenuation	 correction	 the	percentage	of	 change	was	around	35%	(microPET	R4	
system,	Concorde	Microsystems/Siemens,	OSEM	2D	reconstruction)	based	on	their	
results	of	uniformity	values	(mean	in	nCi/cc).	Mouse	studies	found	in	the	literature	









This	 second	 study	 assessed	 whether	 activity	 concentration	 after	 attenuation	
correction	is	reliable	or	not	by	using	NEMA	phantom.	
	
Table	9	shows	the	calibration	factor	used	to	convert	 image	activity	 from	cps	 into	
Bq.	This	parameter	varies	depending	on	acquisition	and	reconstruction	protocols.	
Therefore,	a	different	calibration	factor	was	applied	to	each	PET	image	depending	
on	 the	 energy	 window,	 on	 the	 reconstruction	 method	 and	 whether	 attenuation	
correction	 was	 included.	 As	 attenuation	 correction	 can	 be	 also	 selected	 when	
obtaining	this	calibration	 factor,	 the	NAC	calibration	 factor	was	applied	to	NEMA	
phantom	NAC	PET	images	and	AC	calibration	factor	to	NEMA	phantom	AC	images.	
	
Calibration	factor	(Bq/cps)	 100‐700	keV	 250‐700	keV	 400‐700	keV	
FBP	(NAC)	 744.5	 913.2	 1453.7	
FBP	(AC)	 512.1	 627.8	 1001.3	
OSEM	2D	(NAC)	 685.9	 842.1	 1339.8	
OSEM	2D	(AC)	 472.3	 579.5	 923.8	
OSEM	3D	(NAC)	 629.7	 587.2	 902.9	













Error	(%)	 100‐700	keV	 250‐700	keV	 400‐700	keV	
FBP	(NAC)	 3.98	 3.28	 2.89	
FBP	(AC)	 ‐2.19	 ‐2.80	 ‐3.25	
OSEM	2D	(NAC)	 3.48	 2.74	 2.50	
OSEM	2D	(AC)	 ‐2.73	 ‐3.39	 ‐3.32	
OSEM	3D	(NAC)	 3.24	 1.99	 2.71	










PET	 images	with	 attenuation	 correction	had	negative	 relative	 error	values	while	
the	 non‐corrected	 ones	 had	 positive	 relative	 error	 values.	 These	 result	 simply	
show	 that	 attenuation	 corrected	 images	 are	 over	 corrected	while	 non‐corrected	
images	 are	 under	 corrected.	 Relative	 errors	 of	 PET	 images	 with	 attenuation	
correction	 and	 without	 this	 correction	 were	 lower	 than	 5%	 because	 NEMA	
phantom	 (uniformity	 region)	 is	 similar	 to	 the	 phantom	 used	 in	 the	 calibration	
protocol.	
	
Figure	 43	 shows	 the	 image	 activity	 concentration	 for	 the	 energy	 window																		













Similar	 conclusions	 can	be	 extracted	 in	 this	 experiment	 as	 in	 the	 Study	 I:	 Image	
activity	concentration	increases	in	FBP	and	OSEM	2D	methods	when	applying	the	
attenuation	 correction	 while	 decreases	 in	 OSEM	 3D	 due	 to	 algorithm	
normalization.	 The	 percentages	 of	 change	 show	 almost	 similar	 values	 than	 in	
Study	 I	 as	 both	 phantoms	 have	 almost	 similar	 dimensions	 and	 were	 filled	 with	
water.	 Slight	 differences	 could	 be	 due	 to	 the	 phantom	 used	 (NEMA	 phantom													
‐diameter	 43.2	 mm‐	 and	 not	 universal	 sample	 tube	 –diameter	 30	 mm‐	 with	






































In	 this	 experiment,	RC	values	were	obtained	 following	NEMA	segmentation	 rule.	
Figure	 44,	 Figure	 45	 and	 Figure	 46	 show	 the	 RC	 (%)	 for	 each	 rod	 and	NAC/AC	
images	 depending	 on	 the	 energy	 window	 (100‐700	 keV,	 250‐700	 keV	 and																	






























































%	STDRC	 1mm	 2mm	 3mm	 4mm	 5mm	
100‐700	NAC	 9.47	 10.43	 10.61	 10.39	 10.98	
100‐700	AC	 9.94	 10.23	 10.47	 10.08	 10.69	
250‐700	NAC	 8.45	 9.18	 6.95	 8.89	 5.70	
250‐700	AC	 9.44	 10.24	 6.29	 8.72	 7.55	
400‐700	NAC	 11.12	 9.29	 9.16	 8.20	 8.52	
400‐700	AC	 10.43	 5.02	 8.70	 7.60	 8.90	
Table	12.	Standard	deviation	of	RC	for	FBP	reconstruction	method	
	

































































%	STDRC	 1mm	 2mm	 3mm	 4mm	 5mm	
PET	100‐700	NAC	 6.94	 10.35	 9.84	 7.37	 9.24	
PET	100‐700	AC	 7.43	 10.00	 9.51	 7.06	 8.89	
PET	250‐700	NAC	 9.49	 10.26	 8.28	 7.65	 6.55	
PET	250‐700	AC	 7.80	 8.66	 7.90	 7.31	 6.15	
PET	400‐700	NAC	 13.87	 11.23	 8.46	 10.07	 9.33	











































































%	STDRC	 1mm	 2mm	 3mm	 4mm	 5mm	
PET	100‐700	NAC	 4.68	 5.50	 5.69	 4.38	 4.13	
PET	100‐700	AC	 6.46	 4.19	 4.86	 4.06	 4.31	
PET	250‐700	NAC	 7.04	 5.46	 4.55	 4.38	 3.98	
PET	250‐700	AC	 6.96	 5.41	 4.44	 4.43	 4.26	
PET	400‐700	NAC	 6.09	 5.95	 5.33	 5.36	 4.88	
PET	400‐700	AC	 6.48	 6.15	 5.12	 5.34	 5.29	
Table	14.	Standard	deviation	of	RC	for	filtered	OSEM	3D	reconstruction	method	
	
Independently	 of	 the	 energy	 window,	 the	 reconstruction	 method	 and	 whether	
applying	attenuation	correction,	 the	characteristic	plot	 shape	of	RC	 is	 conserved.	
The	 activity	 concentration	 in	 the	 rods	 becomes	 more	 similar	 to	 the	 one	 of	 the	




Regarding	the	comparison	of	our	results	with	the	ones	 found	 in	the	 literature,	 in	
[11]	the	authors	showed	the	RC	for	non‐attenuation	corrected	PET	images	and	CT‐
















Microsystems/Siemens)	 scanner	 using	 an	 energy	 window	 of	 350–650	 keV	 and	
FBP,	 OSEM	 2D	 and	 OSEM	 3D	 reconstruction	 methods.	 Depending	 on	 the	 rod	
diameter,	RCs	 for	AC	 images	are	 less	 than	or	equal	 to	 the	ones	of	NAC	 images	 in	
accordance	with	 our	 results.	 RC	 values	 are	 different	 from	ours.	 For	 instance,	 RC	
values	 for	rod	of	3mm	was	70%,	93%	and	75%	for	FBP,	OSEM	2D	and	OSEM	3D	
respectively	 in	 our	 case	 (400‐700	 keV,	 AC	 images)	 compare	 to	 55%,	 70%	 and	
100%	in	their	case.	This	could	be	because	the	scanner	used	is	different.	In	[20],	the	
authors	 compared	 several	 preclinical	 scanners	 such	 as	microPET	 (P4,	 R4,	 Focus	
120	and	Focus	220;	Concorde	Microsystems/Siemens),	 Inveon	(Siemens),	Mosaic	
HP	(Philips),	ClearPET	(Raytest	GmbH),	Argus	(Sedecal),	VrPET	(Sedecal),	LabPET	
(8	 and	 12;	 Gamma	 Medica).	 RCs	 from	 the	 Argus	 scanner	 were	 obtained	 with	
energy	window	of	250‐700	keV,	OSEM	3D,	and	scatter	and	attenuation	corrections.	
Their	 results	 were	 27%,	 65%,	 93%,	 95%	 and	 97%	 for	 rod	 diameter	 of	 1	 mm,											
2	mm,	3	mm,	4	mm	and	5	mm	respectively	and	are	higher	than	our	results	(17%,	
40%,	68%,	83%	and	93%).	This	could	be	due	to	the	number	of	iterations	used	in	
OSEM3D	 and	 whether	 images	 were	 filtered.	 On	 the	 other	 hand,	 our	 RCs	 with	
energy	 window	 of	 250‐700	 keV	 and	 FBP	 (24%,	 47%,	 64%,	 76%	 and	 83%,	 AC	
images)	 were	 slightly	 higher	 than	 those	 from	microPET	 Focus	 220	 (15%,	 41%,	
63%,	74%	and	86%,	with	scatter	and	attenuation	corrections).		
	
Regarding	 %STDRC,	 FBP	 images,	 OSEM	 2D	 and	 OSEM	 3D	 images	 have	 %STDRC	
values	lower	than	12%,	14%	and	8%	respectively.	In	the	literature,	%STDRC	values	
were	 lower	 than	 8%	 (FLEX	 Triumph	 PET/CT	 scanner,	 Gamma	 Medica,	 energy	
window	250‐750	keV,	FBP,	OSEM	2D,	CT‐based	attenuation	correction)	[21]	,	10%	
(LabPET	 8,	 energy	 window	 250‐650	 keV,	 maximum‐likelihood	 expectation	
maximization	 ‐ML‐EM‐	 reconstruction	method,	 non‐attenuation	 correction)	 [15],	






get	 reliable	 data	 depending	 on	 the	 reconstruction	 method	 for	 different	 energy	
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windows	 and	 AC	 images.	 That	 size	 was	 defined	 as	 the	 rod	 diameter	 needed	 to	
reach,	 at	 least,	 a	 RC	 of	 90%.	 The	minimum	 object	 size	 depends	 on	 the	 window	
energy	 and	 the	 reconstruction	 protocol	 (reconstruction	 method,	 number	 of	
iterations	in	the	iterative	algorithm),	filtering...	
	
Reconstruction	Method	 FBP	 OSEM	2D	 OSEM	3D	
Diameter	(RC	%)	 5	mm	(90%)	 3	mm	(90%)	 4	mm	(90%)	
Table	15.	Minimum	object	size	with	a	minimum	RC	of	90%	(100‐700	keV)	
	
Reconstruction	Method	 FBP	 OSEM	2D	 OSEM	3D	
Diameter	(RC	%)	 5	mm	(90%)	 4	mm	(100%)	 4	mm	(90%)	
Table	16.	Minimum	object	size	with	a	minimum	RC	of	90%	(250‐700keV)	
	
Reconstruction	Method	 FBP	 OSEM	2D	 OSEM	3D	









In	 this	 experiment,	 two	 segmentation	methods	 were	 evaluated	 on	 obtaining	 RC	
values:	 one	 following	NEMA	 segmentation	 rule	 and	 another	 one	with	 a	mask	 of	
diameter	equal	to	the	physical	dimension	of	each	rod.		
	
Figure	 54,	 Figure	 55	 and	 Figure	 56	 shows	 a	 comparison	 between	 segmenting	
following	NEMA	rule	or	not	for	OSEM	2D	images	(100‐700	keV,	250‐700	keV	and	
400‐700	 keV	 respectively).	 The	 mask	 size	 does	 not	 affect	 the	 RC	 value,	
independently	of	whether	applying	the	attenuation	correction.	This	is	logical	as	far	






































































rod	 VOI	 (RC2).	 Both	 segmentation	 rules	 (following	NEMA	protocol	 or	 not)	were	
also	tested.	
	
Figure	 57	 and	 Figure	 58	 show	 the	 comparison	 between	 RC	 and	 RC2	 values	
following	 NEMA	 segmentation	 rule	 or	 not	 respectively.	 In	 both	 cases,	 NAC/AC	




case	of	RC2,	 the	segmentation	process	alters	 its	values	since	 increasing	the	mask	
size	will	 include	more	background	values	and	will	decrease	 the	VOI	mean	value.	
For	instance,	RC2	values	following	NEMA	segmentation	are	close	to	25%	while	not	
fulfilling	 NEMA	 gives	 RC2	 values	 from	 20%	 to	 75%.	 Therefore,	 NEMA	
segmentation	rule	is	not	adequate	for	RC2	calculation.	
	
Figure	 58	plots	 are	 completely	 different.	 Although	 the	 shape	 is	more	 or	 less	 the	
same,	RC	values	are	closer	to	100%	(rod	diameter	from	3	mm	to	5	mm)	than	RC2	
















































A	 comprehensive	 evaluation	 of	 the	 CT‐based	 attenuation	 correction	 in	 an	 Argus	






2D	 reconstruction	 methods,	 image	 activity	 (cps)	 increases	 when	 applying	 the	
attenuation	 correction	 independently	 of	 the	 attenuation	 medium,	 the	 energy	
window	but,	for	OSEM	3D,	the	activity	decreases	due	to	a	different	adjustment	of	
the	 total	 counts	 in	 the	 sinogram.	 The	 percentage	 of	 change	 between	 non‐
attenuation	 corrected	 PET	 images	 and	 attenuation	 corrected	 PET	 images	 in	 the	
case	of	the	water	phantom	(around	33%)	is	in	accordance	to	the	results	obtained	
with	 a	 similar	 phantom	 in	 another	 study	 found	 in	 the	 literature.	 However,	 after	
applying	attenuation	correction,	activity	in	water	medium	does	not	match	exactly	




either	 for	 non‐attenuation	 corrected	 PET	 images	 or	 attenuation	 corrected	 PET	
images	was	smaller	than	5%.	PET	images	with	attenuation	correction	had	negative	
relative	 error	 values	 (over	 corrected)	while	 the	non‐corrected	ones	had	positive	
relative	 error	 values	 (under	 corrected).	 The	 accuracy	 of	 activity	 concentration	
presented	 an	 acceptable	 value	 independently	 of	 attenuation	 correction	 image	 as	
calibration	 factor	 compensates	 the	 differences	 between	 those	 images	 (similar	
phantoms).	
	
Recovery	 coefficients	 for	 non‐attenuation	 corrected	PET	 images	 are	 similar	 than	
the	 ones	 for	 attenuation	 corrected	 PET	 images.	 Recovery	 coefficients	 values	
depend	 on	 the	 energy	 window	 used.	 The	 segmentation	 rule	 does	 not	 affect	 the	
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recovery	 coefficient	 calculation.	 However,	 when	 segmenting	 small	 objects,	 VOI	
mean	value	does	not	provide	an	accurate	activity	concentration.	
	
Future	 work	 includes	 evaluating	 the	 effect	 of	 the	 attenuation	 correction	 in	 the	
Argus	PET/CT	scanner	on	 larger	phantoms	 to	 simulate	a	 rat	 instead	a	mouse.	 In	
that	 case,	 literature	 shows	 a	 percentage	 of	 change	 about	 48%	 in	 a	 rat	 phantom	
(using	a	syringe	of	50	mm	diameter)	 [9].	Moreover,	 studies	using	phantoms	 that	
simulate	a	more	realistic	mouse	or	rat	(regions	with	a	different	density	to	simulate	







This	 section	 describes	 an	 estimation	 of	 the	 cost	 of	 realization	 of	 project.	 The	
budget	was	divided	into	two	groups:	
	








Category  Euros/hour   Total hours  Costs	
Senior Consultant  50	 20  1,000.00€
Consultant  36  100  3,600.00€
Laboratory technician  25  10  250.00€
Laboratory technician  25  10  250.00€
Junior engineer  20  350  7,000.00€












pack,	 the	 amount	 of	 money	 shown	 in	 this	 table	 refers	 to	 the	 cost	 of	 buying	 its	
license.	Table	20	shows	the	costs	related	to	hardware	and	fungible	materials.	
	
MATERIAL  Euros/hour  Total hours  Costs	
MMWKS  25  240  6,000.00€
Office pack  ‐  ‐  119.00€
TOTAL  ‐  ‐  6,119.00€
Table	19.	Software	material	costs	
	
MATERIAL  Euros/hour  Total hours  Costs 
Computer + office material  ‐  ‐  250.00€
PET/CT system + radiotracer  180  10  1,800.00€
Laboratory material  ‐  ‐  100.00€
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